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Background
Obstructive sleep apnea (OSA) is a common sleep disorder with serious complications, including hypertension, atherosclerosis, stroke and insulin resistance [1] [2] [3] . The gold standard method for diagnosing OSA requires an in-lab, attended, full overnight polysomnography (PSG) (Type I sleep study). As awareness among the public and health care providers has increased, referrals for OSA diagnosis have increased; consequently, the waiting time for a Type I sleep study has increased significantly. Type I sleep studies are expensive, labor intensive and time consuming. Additionally, a lack of trained technologists capable of performing proper in-lab neuro-cardio-pulmonary monitoring is a major obstacle, particularly in developing countries [4] . As a result, many people with OSA remain undiagnosed and untreated [5] . On the other hand, many patients consider sleeping in the laboratory inconvenient and say that it does not reflect their typical sleep at home. Portable monitoring (PM) has been proposed as an alternative to an in-lab, attended sleep study for the diagnosis of OSA. PM advocates suggest that it reduces the need for expensive, time-and labor-intensive laboratory testing, requires less technical expertise and facilitates the diagnosis and initiation of appropriate therapy. Nevertheless, the accuracy and validity of different PM devices in the diagnosis of OSA remain a major concern. The American Sleep Disorders Association has classified PM into 4 types [6] : Type 1 (standard in-lab, attended PSG) is the gold standard to which other monitoring types are compared; Type 2 (comprehensive portable PSG) includes a minimum of 7 channels, including neuro-cardio-respiratory monitoring; Type 3 incorporates a minimum of 4 channels, including cardio-respiratory monitoring; and Type 4 comprises 1 or 2 channels, usually oxygen saturation or airflow. Most of the previous studies that have addressed the validity and accuracy of PM in OSA patients used Type 3 PM. Consequently, a 2007 practice parameter from the American Academy of Sleep Medicine stated that attended Type 3 PM is acceptable for the diagnosis of OSA with certain limitations, including a required review of the raw data, the absence of comorbidities, and the need for a definitive evaluation if the study is nondiagnostic [7] . The guidelines discouraged the use of Type 4 studies due to lack of sufficient evidence [7] . In the guidelines, AASM gave conditional approval for the use of unattended PM to diagnose OSA. The guidelines concluded that unattended PM can be performed only in conjunction with a comprehensive sleep evaluation by a qualified specialist, in patients with a high pre-test probability of moderate to severe OSA, and in the absence of other sleep disorders and comorbid conditions [7] . Therefore, there remains a need to study the accuracy of PM devices, particularly Type 4, in the diagnosis of OSA. One frequently used Type 4 device is ApneaLink™ (AL) (ResMed Corporation, Poway, Calif.), a single-channel recording device that uses a pressure transducer airflow sensor.
A limited number of studies have assessed the accuracy of AL in patients with clinical suspicion of OSA [8] [9] [10] [11] . Although AL permits the manual checking and scoring of raw data, previous studies have examined only the results of the default automatic scoring system. Therefore, we designed the present study to assess the sensitivity and specificity of both automatic and manual AL scoring compared with PSG for the diagnosis of OSA in a selected group of patients.
Material and Methods

Subjects
Consecutive patients referred to the Sleep Disorders Center between September 2008 and November 2009 with a history of snoring and clinical suspicion of sleep-disordered breathing were assessed by a sleep disorders specialist. Patients between 18 and 65 years old with a high clinical suspicion of OSA based on the presence of loud, interrupted snoring, daytime sleepiness or witnessed apneas in the absence of symptoms of other sleep disorders were included. Patients with chronic pulmonary diseases, elevated PaCO 2 , congestive heart failure, neuromuscular diseases, and those on home oxygen or mechanical ventilation were excluded. Patients with a history of nasal blockage at the time of the PSG were not included. The study was approved by our institutional review board (IRB). Informed consent was obtained from all participants.
Protocol
All participants underwent a simultaneous overnight sleep study with the portable AL device and in-lab Type 1 PSG (Alice 5; Respironics, Inc., Murrysville, PA). Standard inlab PSG monitored brain activity (electroencephalogram with electrodes placed at C3A2, C4A1, O1A2, O2A1); muscle tone (electromyogram of the chin and both legs); eye movements (electrooculogram); heart rate (electrocardiogram); oxygen saturation (finger pulse oximeter); chest and abdominal wall movements (thoracic and abdominal belts); airflow (thermistor and nasal prong pressure transducer); sleep position (body position sensor); and snoring (microphone). PSG data were scored manually according to established criteria [12, 13] . Obstructive apnea was defined as a drop in the peak thermal sensor excursion greater than or equal to 90% of baseline for at least 10 seconds in the presence of continued respiratory effort. At least 90% of the event's duration had to meet the amplitude reduction criteria. Hypopnea was defined as a reduction in the airflow by 50% of baseline and lasting for more than 10 seconds, resulting in a ≥3% decrease in oxygen saturation or an arousal. At least 90% of the duration of the event had to meet the amplitude reduction criteria [13] . The apnea hypopneas index (AHI) was calculated by dividing all obstructive apnea-hypopnea episodes by the total sleep time (TST).
ApneaLink™ (AL)
AL is a single-channel device that measures flow via a nasal cannula connected to a pressure transducer. AL was connected to one end of a Y-shaped nasal cannula. The other peripheral end of the Y-shaped cannula was directly connected to a pressure prong pressure transducer. The nasal cannula is attached to a small case that includes the pressure transducer. The device is powered by 2 1.5-V AA batteries and is affixed to the patient's chest with a belt. The sampling rate of the flow signal is 100 Hz, with a flow-sensor effective range of -10 to 10 cmH 2 O and a 16-bit signal processor. The signal is processed by linearizing, filtering the noise and zeroing to baseline. Flow measurements are digitalized and downloaded to a PC. The device is capable of approximately 10 hours of data collection, with an internal storage memory of 15 MB. The signal is displayed in epochs, with full data disclosure capability that allows both automatic and manual scoring. The default settings for apnea and hypopneas were used in the automatic scoring. Apnea was defined as a reduction of 80% of baseline airflow for at least 10 s, with a maximum duration of 80 s. Hypopnea was defined as a reduction of 50% to 80% of baseline airflow for at least 10 s, with a maximum duration of 100 s. AL firmware version 2.97 and software version 5.13 were used in the automatic scoring. AHIs obtained from AL automatic scoring were based on the total evaluation times with good signals. Evaluation times with poor/bad signals were automatically excluded by AL. For manual scoring, apnea was defined as a 90% or greater reduction in baseline airflow for at least 10 s, and hypopnea was defined as a reduction of 30% or more of baseline airflow for at least 10 s. At least 90% of the duration of the event had to meet amplitude reduction criteria. An area of 1 represents perfect agreement, and an area of 0.5 represents the least agreement. In this study, we adopted the AUC values used by Erman et al, where excellent is 0.9 to 1, very good is 0.8 to 0.9 and good is 0.7 to 0.8 [8] .
Sensitivity, specificity, positive predictive values (PPV), negative predictive values (NPV) and positive and negative likelihood ratios (LR) were calculated for the same cut-off values of PSG AHI. In general, a likelihood ratio less than 1 indicates that the test result is associated with the absence of the disease, whereas a likelihood ratio greater than 1 indicates that the test result is associated with the presence of disease. Likelihood ratios below 0.1 and above 10 are considered to provide strong evidence to rule out or rule in diagnoses, respectively. When tests report results as being either positive or negative, the 2 likelihood ratios are called the positive likelihood ratio (PLR) and the negative likelihood ratio (NLR) [16] . Sample size calculation was performed based on the data reported by Chen et al. [11] . In their study population, the standard deviation of the AHI calculated by AL was 22 events/hr. For the current study, the same number was chosen. The mean difference was assumed to be 8 events/hr. For a power of 85% and an alpha (a) of 0.05, 87 participants were required. A dropout rate of 7% (due to equipment failure or data loss) was calculated. Therefore, a minimum of 95 participants was required. We recruited 107 consecutive patients.
results
One hundred and seven patients underwent simultaneous PSG and AL monitoring. Three of the patients were excluded because they were diagnosed with hypoventilation during sleep, and 9 patients were excluded due to data loss or short evaluation duration. Complete data were available for 95 patients. The mean evaluation duration with a good signal was 4.5±1.6 hr. The mean duration with a weak signal was 0.7±1.0 hr. The mean signal failure rate was 16%.
The mean age of the studied group was 46.3±12.6 yr (18 to 65 yr), and their body mass index was 34.1±7.9 kg/m 2 (18.6-57.7 kg/m 2 ). Based on PSG findings, 14 patients (15%) did not have OSA (AHI<5/h). Mild OSA (5≤ AHI ≤15) was present in 22 patients (23%), moderate (15≤ AHI ≤30) in 18 patients (19%), and 41 patients (43%) had severe OSA (AHI ≥30). The patients' demographic and polysomnographic characteristics are presented in Table 1 . The following comorbidities were present: hypertension (35%), ischemic heart disease without heart failure (7%), diabetes mellitus (29%), hypothyroidism on treatment (13%), and hyperlipidemia (37%).
The mean AHI for PSG was 34.1±32.4/hr (0-142/hr). AL Auto AHI was 20.1±25.2/h (1-110/hr) and AL Manual AHI 39.5±30.4/hr (1-123). There was a strong correlation between PSG AHI and AL Auto AHI (r=0.883, p<0.005) and AL Manual AHI (r=0.966, p<0.005) ( Figure 1A, B) . BlandAltman agreement analyses for AL Auto AHI, AL Manual AHI and PSG AHI are shown in Figure 2A , B. For AL Auto AHI, the plot revealed that 94% of the differences were within the limits of agreement ±1.96 SD. However, the mean difference between PSG AHI and AL Auto AHI was -5.8, indicating an underestimation of the score by AHI. Additionally, AHI scores drifted below the identity line, indicating some degree of under-recognition by AL Auto. The plots also revealed that AL Auto tended to better estimate disease severity at lower AHI values (<20/hr), whereas it underestimated severity at higher AHI values. Ninety-five percent of AL Manual scores were within the limits of agreement ±1.96 SD. Table 3 . Sensitivity, specificity, positive predictive values and negative predictive values for ApneaLink Manual AHI at different cut-off values of PSG AHI.
AHI
AHI -Apnea hypopnea index; AUC -area under the curve; PPV -positive predictive values; NPV -negative predictive values; PLR -positive likelihood ratio; NLR -negative likelihood ration.
discussion
A simple, portable screening device for OSA is sorely needed. AL is a simple device that requires limited training and short preparation times. It has good potential as a simple screening device, particularly because it permits manual review and scoring of the raw data. Nevertheless, information about the accuracy of Type 4 devices, including AL, remains limited. Therefore, their use as attended or unattended monitoring devices for OSA patients has not been widely accepted [7] . In the current study, we compared AL automatic and manual scoring results with PSG results. The results showed very good to excellent positive predictive values for both AL Auto and Manual, and excellent negative predictive values for AL Manual in patients with a high pretest probability of OSA. AL Manual showed excellent sensitivity, indicating its potential use as a screening tool, and AL Auto showed very good specificity, indicating its potential usefulness in case elimination. Hence, AL can be endorsed as a good screening tool for patients with a high probability of OSA. Manual scoring has added more power to the reliability of the device. The AASM has recommended that PM devices must allow the display of raw data and permit manual scoring or the editing of automated scoring by a qualified sleep technician [7] . In our study, the raw data were scored in 2 separate passes by 2 trained and experienced sleep technicians, working independently and blinded to each other's results, using the same criteria used for the in-laboratory PSG scoring. A Bland-Altman plot revealed good agreement between PSG and AL, particularly AL Manual. Additionally, AUC values at all AHI cut-off levels indicated very good agreement between PSG and AL Auto and AL Manual. Given the good agreement, we propose that the AL findings (combining automatic and manual scoring; automatic scoring followed by manual check) can be used to justify the initiation of positive airway pressure therapy in sick patients with high clinical suspicion of obstructive sleep apnea, who cannot wait for PSG confirmation. Nevertheless, we still believe that a scheduled, formal, Type 1 sleep study should be conducted to confirm the findings and to properly titrate the pressure. We do not recommend this device for patients who are likely to have central sleep apnea, such as patients with heart failure and elderly patients (>65 years). Table 4 presents the findings of previous studies that evaluated AL automatic scoring in patients with a high probability of OSA. In general, all studies found good case-finding and elimination abilities for AL. Studies recruited patients with a wide range of ages, AHIs, races and sexes, which may account for some of the differences observed between the studies [11] . Additionally, one should be cautious when interpreting research data on the performance of any scoring software, as investigators may use different versions of software [7] . The duration of monitoring may also influence the results. Erman et al demonstrated that 4 hours or more of recording are needed for optimal results [8] .
Recordings performed for less than 4 hours led to more frequent false negative results at low AHI cut-off points [8] .
The presence of comorbid conditions may also influence the outcome of results.
A limitation of the present study is that sleep monitoring was performed in the laboratory. Ragette et al reported better event recognition and diagnostic performance in attended AL monitoring compared to unattended home studies. Nevertheless, simultaneous recording in the laboratory reduces the night-to-night variability in respiratory events. The findings of this study cannot be applied to the general public because we studied a highly specific group of patients with a high pre-test probability of OSA. Future studies should test event recognition and diagnostic performance of combined manual and automatic scoring of AL in an unattended home environment. Because we could not accurately assess TST in AL Auto, total recording time was used as the denominator when calculating AHI, which may have resulted in an underestimation of the true AHI.
conclusions
The current study demonstrated that combining auto and manual scoring of data (automatic scoring followed by manual scoring) recorded by single-channel AL provides good diagnostic agreement with conventional PSG recordings. Manual scoring has added more power to the reliability of the device. Therefore, we recommend the manual review and scoring of AL data, as it increases ApneaLink™ OSA case-finding abilities. ApneaLink™ is not recommended for patients with central sleep apnea.
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